Transparent conducting films of zinc oxide and indium-doped zinc oxide have been prepared by a simple and economical sol-gel technique. This process is feasible for the fabrication of high quality TCO thin films when the processing parameters are optimized. It was found that the out-diffusion of oxygen during the vacuum annealing step was a crucial factor to prepare thin layer with superior properties. Annealing lowers the resistivity down to 4.7 10 −3 Ω•cm for the 1 at.% doped films due to the liberation of high-valency In-dopants and the enhanced film density. At high indium concentrations, the free electron density stabilizes because an increasing number of dopant atoms form some kinds of neutral defects. The neutralized indium atoms do not contribute free electrons. The feasibility to deposit highly transparent ZnO thin films has been demonstrated.
Introduction
Zinc oxide thin films have been actively investigated as transparent conducting oxide (TCO) to substitute indium tin oxide (ITO) due to price volatility associated with indium, along with various supply concerns. In addition, this compound is basically composed of zinc which is an inexpensive, nontoxic, and easily available element. Moreover, zinc oxide is relatively stable in the presence of hydrogen plasma, which is of significance for applications related to amorphous silicon solar cells. Apart from these advantages it should be remarked that nonconducting ZnO coatings are also widely studied and used owing to their important applications to piezoelectric devices, electroluminescent displays, and gas sensors [1] . A vast literature has been particularly focused on the development of n-type zinc oxide films. Nevertheless, several attempts have been reported on p-type zinc oxide films for the production of ZnO-based devices. Doping with aluminum, gallium, boron, germanium, and indium has been investigated by many groups using different depositing techniques. A number of processing routes have been used which have resulted in the preparation of thin layers with a variety of properties. In particular, the values reported for the electrical resistivities are relatively divergent and have not changed significantly, despite the large number of groups working in the field of TCO materials. This suggests that a physical limitation probably exists which prevents reaching resistivities lower than 1 × 10 −4 Ω•cm and mobilities larger than about 40 cm 2 /V•s. This situation has directed the research toward discovering new materials having high electronic mobility. Ternary and quaternary systems based on the association of the currently used elements are among the possible potential alternatives.
Recently, In 2 O 3 (ZnO) system has become a particular focus of attention due to its good electro-optical properties associated with excellent chemical stability. Indium-doped zinc oxide (IZO) thin films have been accomplished using different techniques, including spray pyrolysis [2] - [10] , chemical vapor deposition [11] , e-beam evaporation [12] , pulsed laser deposition [13] - [15] , and sputtering [16] - [20] . Most of these techniques require sophisticated instruments and/or high deposition temperature. In this respect, sol-gel processing offers several advantages including careful control of chemical composition, high purity, and it enables film deposition in a conventional environment without the need for expensive equipments. The suitable manipulation of precursor solutions allows for the fabrication of advanced materials in a wide variety of forms including thin film coatings and very homogeneous powders. Despite all these advantages, very few reports [21] [22] are published on solgel processed IZO thin films. Therefore, it was the aim of the present work to identify some of the factors involved in the sol-gel processing of In-doped zinc oxide and to optimize processing parameters to attain reproducible high-quality thin layers and properties. In this work, the elero-optical properties of IZO films are interpreted taking into account the intrinsic characteristics of sol-gel technique, which is very different from the other physical and chemical methods.
Experimental Details
The zinc precursor solution was prepared by dissolving zinc acetate dihydrate [Zn(CH 3 CO 2 ) 2 •2H 2 O] in isopropanol [(CH 3 ) 2 CHOH] (99.5%, Sigma-Aldrich) under continuous stirring for 10 min. The use of metal acetate is preferred to commonly used metal alkoxide precursors which are known to be sensitive toward moisture. In addition, smooth topography has been reported [23] for ZnO films grown from zinc acetate. Diethanolamine was used as a complexing agent to keep the metal ions (zinc and indium) in homogeneous solution, which leaves sufficient flexibility for the system to exist homogeneously without undergoing precipitation. The amount of DEA in the starting solution has been optimized (DEA/Zn = 2 in molar ratio) and the final solution was 0.3 mol•l −1 . At this stage, adequate amount of indium was added from an indium precursor solution to prepare IZO thin films. The indium solution is composed of indium acetate-diethanolamine mixture (molar ratio of DEA/In = 2) in isopropanol. The detailed preparation of this solution is published elsewhere [24] . This system is relatively simple as it avoids the refluxing and distillation procedures figuring in most of the schemes reported for sol-gel processed films. The optimum amount of DEA in the system provided a homogeneous distribution of the metal ions and prevented their segregation/precipitation from the solution. The deposition conditions being independently varied including dopant concentration, firing temperature as well as post-deposition treatments which were conducted at various temperatures. Process optimization was accomplished primarily by fabricating IZO thin films under various conditions, and once suitable hydrolysis and thermal processing conditions had been identified, thin layers were deposited.
Solutions were deposited onto glass plates (Corning 7059, Corning Glass Works, Corning, NY) using an optimized withdrawal speed of 5 cm/min to give uniform layers. After deposition, the films were first dried at 100˚C for 10 min to remove volatile organic species (such as residual solvent) and then pyrolized at 450˚C for 30 min to promote densification and crystallization. After pyrolysis, the films were allowed to cool to room temperature. Selected samples were annealed in vacuum (∼10 −3 Torr) at 450˚C for one hour to improve their electrical properties. Annealing at higher temperatures resulted in opaque films. Optimum deposition temperatures of 430˚C [6] and 450˚C [3] and a subsequent annealing in vacuum (∼10 −5 Torr) at about 377˚C [25] has been used for sprayed IZO thin films but there was no indication on their appearance. Other reducing environments such as 15% H 2 /N 2 or 100% N 2 , at temperatures between 300˚C and 450˚C have been also tried [19] . The doping level C In varied up to 3 at.%. The thermal behavior of the solutions was studied using simultaneous thermogravimetric analysis (TGA) and differential thermal analysis (DTA) (Model TA-50 WS, Shimadzu, Kyoto, Japan). All thermal analyses were done at a heating rate of 5˚C/min in air atmosphere. Investigation of thin-film growth was carried out by X-ray analysis (Model 2024, Rigaku Co., Tokyo, Japan) at room temperature. An atomic force microscope (AFM, Seiko Instrument Inc. SPI 38,000 N) was used to examine the morphology of the films.
The film thickness was determined from the interference bands that were observed in the visible spectra (Model U-3500, Hitachi Co., Tokyo, Japan). The electrical properties, resistivity ( ) ρ and Hall coefficient (Resitest 8300, Toyo Technica) of the as deposited and annealed samples were measured at room temperature using the van der Pauw technique with indium ohmic electrodes.
Results and Discussions

Thermo-Gravimetric and Differential Thermal Analysis
Knowledge of the different bulk transformations that occur on sintering can assist interpretation of certain film properties. However, one should note that the TG/DTA results should not be directly extrapolated to the case of a film, because they were recorded on gel powders and at a slow heating rate, whereas the films prepared in this study were rapidly calcined in a preheated furnace [26] . The weight loss of the dried gel as a function of temperature indicates there are distinct temperature regions for decomposition. The entire thermal effect accompanied by a total weight loss of 70% in the TG curve ( Figure 1 ). DTA curve indicates that the metal complexes decompose exothermally between 300˚C and 500˚C. The crystallization onset temperature is about 430˚C and the peak temperature of crystallization is 470˚C. The exothermic decomposition of the precursor mass resulted in in-situ temperatures which facilitated the formation/crystallization of ZnO phase at relatively lower external temperature. Figure 2 shows a representative X-ray diffraction spectrum for zinc oxide film with well defined peaks corresponding to the hexagonal crystalline structure. The film is randomly oriented. The indium dopant does not have significant influence on the X-ray diffraction patterns. The doped films give the same diffraction patterns as the undoped samples. We have previously shown [27] that the crystallite orientation can simply and intentionally be tailored by choosing an adequate solvent-chelating ligand combination. We also demonstrated that the film electronic conductivity is independent of the degree of c-axis orientation. Therefore, in the present work we did not use methoxyethanol-monoethanolamine system which yields highly oriented films to avoid the toxicity of methoxyethanol solvent. Three-dimentional AFM pictures of three ZnO samples and their two-dimentional projections are given in Figure 3 . The crystallites are slightly elongated, with a tendency for the In-doped material to show larger grains. The presence of intergranular voids partly explains the relatively low film densities. The increase in grain size for the doped specimens may be ascribed to the lesser number of nucleation sites in the amorphous oxide layer. This result is in contrast to what is generally observed for tin-doped indium oxide where the grain growth is inhibited by the addition of the dopant.
Structural Features
Electrical Properties
The measured changes in electrical resistivity ( ) ρ , carrier concentration ( ) n , and Hall mobility ( ) µ for the as-deposited and vacuum annealed IZO thin films are presented in Table 1 . The resistivity decreases sharply with increasing In content up to 1 at.% and then increases with further addition of In. The lowest resistivity is Vacuum annealing results in a remarkable increase in both the electronic mobility and the electron concentration which remains far below that calculated assuming that every dissolved indium atom supplies one free electron. In fact, with increasing doping concentration, less than 40% of In incorporated contributes one excess electron to the conduction band. The same trend is observed for the mobility values which are smaller than that of single ZnO crystals (180 cm 2 /V•s) [28] . Essentially, the same behavior was observed for zinc oxide films doped with aluminum [26] [27] or boron [29] . Scattering at grain boundaries is sometimes postulated in polycrystalline films with small crystallite size. This mechanism seems to be less important in our samples since the free path length of electrons was much smaller than the crystallite size. Excess indium above certain critical concentration seems to form neutral defects rather than generating carriers. Therefore, the source of the problem is likely to be connected with the appearance of additional phases. x associate. The amount of oxygen present while depositing the films by physical methods can be easily controlled by adjusting the oxygen mass-flow rate which is not the case for chemically prepared layers. Therefore, for the latter techniques, the post treatment is rather essential as in the present case. Oxygen rich atmosphere may damage the films by introducing defects because In 3+ ion pair may attract an additional oxygen atom which plays the role of electron trap. The oxygen content is expected to increase with increasing C In , which is consistent with In substituting Zn. Thus, the success of the subsequent vacuum annealing step in reactivating the [In] derived carriers will depend on how tightly oxygen is bonded to the dopant. Ku et al. [34] have shown that oxygen content in sputter gas is a critical parameter that decides the electrical properties of the IZO films prepared by radio frequency magnetron sputtering. Many groups [7] [20] [35] [36] reported that the resistivity of IZO films increases as a function of heat treatment time and temperature in oxygen atmosphere. Another important cause for the relatively low carrier densities is the porous nature of the sol-gel processed layers (low refractive indices, Table 2 ) which facilitates oxygen indiffusion [37] . Although denser films are obtained after post-deposition treatment, their refractive indices remain below that reported for zinc oxide single crystal (2.02) [38] [39] . The reduction in film thickness by annealing is a result of film densification (relatively higher refractive indices).
In view of the preceding discussion, it is clear that the enhanced electrical conductivity after vacuum annealing is due to the cumulative effect of film densification and decrease in the concentration of neutral defects. Since scattering at ionized defects cannot be avoided (high values of n are required), research in the field of transparent conductors should be directed towards exploring new materials with high electronic mobility. Binary, ternary and quaternary oxides based on the association of those currently in use represent a possible alternative. In the last few years, many groups [40] [41] have been studying various oxide combinations. Figure 4 shows the transmittance of a representative ZnO film doped 0.8 at.% In before and after annealing. The as deposited films has a transmittance in the visible higher than 90% which slightly decreases following annealing. Here, it is worth to note that the transmission spectra were recorded on both-side coated samples using air as reference. The high transmittance in the luminous range makes ZnO:In of interest as a window coating. The wavelength at which full absorbance is observed for the annealed films has shifted to a shorter-λ region, partly because of the Moss-Burstein effect. The degree of the blue shift depended on both indium content and vacuum annealing. A recent report [22] on spin-coated (IZO) films has shown that the values of direct band gap decreased with increase in the In content.
Optical Properties
The optical band gap of ZnO can be estimated from the absorption data. At the absorption edge, the film transmittance is ( )
− , where t is the film thickness [42] . For direct band-to-band transition, the energy dependence of the absorption coefficient can be described by the relation for parabolic bands [43] ( )
, where hν is the photon energy and Eg is the energy band gap. The value of 1 2 x = for allowed direct transition and 3/2 for forbidden direct transition. Figure 5 shows the photon energy dependence of α 2 for the as-deposited and the annealed 1 at.% In-doped film. The straight line in this figure was extrapolated to 0 α = , and the energy axis intercept was taken as the band value. This figure clearly shows a positive shift, which can be expected from the substantial increase in the free carrier concentration as a result of the annealing. Band gap widening has been reported for nonstoichiometric ZnO (Refs. [44] and [45] ) and IZO thin films [46] [47]. The band gap widening is usually interpreted in terms of Burstein-Moss (BM) shift [48] resulting from the filling up of lower levels in the conduction band. Assuming parabolic bands, this shift can be described for doped material as:
With the reduced effective mass
The (BM) model predicts an energy-gap shift proportional to 2 3 e n . However, the (BM) band-filling effect that shifts positively the band-edge energy might be partly counteracted by band gap shrinkage due to electron-electron and electron-impurity scattering. The band gap narrowing has been studied in heavily doped ZnO [44] [49] and ITO [50] . According to Wolff [51] , in heavily n-doped semiconductors the conduction band is shifted downward by the energy. [50]. Its value is reported to range from 3.28 eV for insulating ZnO to 3.38 eV for highly conductive films. Pure zinc oxide films prepared in this work have [53], the absorption edge shift can then be evaluated by Figure 6 shows comparison between theory and experimental data for 13 samples which were prepared at the same conditions but with different doping levels. For the samples prepared in this work, the net effect of the above competing mechanisms is to slightly increase the gap. However, the band gap shift remains below that theoretically predicted (dashed line) for all of the prepared thin films. The difference in the absorption shifts between the calculated and measured values may be attributed to other many body effects which lead to further band gap narrowing. Sernelius [49] [54] reported that in polar semiconductor, there is a displacement of charge from one type of atoms to the other. Thus, the host atoms become weakly charged. A moving, charged particle causes a displacement polarization, which follows the particle in the crystal. An electron attracts the positively charged atoms and repels the negatively charged ones. Effectively the electron is surrounded by a charge cloud, of positive charge. Similarly, a valence and hole is surrounded by a charge cloud of negative charge. The particle and its charge cloud can be considered as a new particle, a polaron. The displacement causes negative energy contributions. Theoretical models [55] include band gaps shifts due to the blocking of the lowest states in the conduction band, electron interaction, and impurity scattering (the In 3+ ions, which replace lattice site Zn
2+
, behave as singly charged scatters). For the thin films that were analyzed in the present work, and since more than 60% of the dopant remains electrically inactive, a major part of indium is likely to form neutral impurities especially for non-annealed samples (see Table 1 ). Therefore, these impurities among other possibly ignored factors which contribute to E ∆ should not be neglected.
Conclusion
We have used sol-gel process as a simple low-cost technique for the preparation of IZO thin films. It can be concluded that indium acts as an effective donor in zinc oxide up to a certain concentration and supplies a single free electron resulting from In 3+ ion on a substitutional site of Zn 2+ . The properties of the resultant material are sensitive to processing conditions. In particular, the conductivity of the films depends strongly on the subsequent heat treatment. The requirement of vacuum annealing treatment to reduce resistivities by an order of magnitude has been established. It was determined that the out-diffusion of oxygen during the sample vacuum annealing was a determinant factor directly associated with the electrical activity of the dopant. Regardless of their nature and composition, the presence of neutral defects may play a decisive role that justifies the regress of the measured mobility especially at high indium content. Relatively more densely packed films are obtained when subjected to vacuum annealing regardless of the dopant level. Very transparent films can be obtained. The band gap shift remains below that theoretically predicted, probably due to the high concentration of neutral impurities. The effect of these impurities on band-gap narrowing should be considered with the electron-electron and electron-ion scattering.
